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Abstract ‘The plant hormone indolencetic acid (IAA or auxin)
transeriptionadly activates a seleet set of carly genes, The Auxf
T4 A class of early auxin-responsive genes encodes a large famlly
of short-lived, nuclear proteins. Aux/IAA polypeptides homo-
and heterodimerize, and interact with auxin-response franserip-
tion factors (ARFs) via C-terminal regions conserved in both
protein families. This shared region contains n predieted Powot
motif similur to the prokaryotic p-ribbon DNA binding domain,
which mediates both protein dimerization and BDNA recogaition.
Here, we show by circwlar dichroism speetroscopy and by
chemical cross-linking experiments that recombinant peptides
corresponding to the predicted Poor region of three Aux/IAA
proteins from Avebidopsis thealteama contain substantinl o-helical
secondary stracture and underge homo- and heterotypic interne-
tions in vitro. Our results indicate a slmilar biochemical function
af the plant Boa domain and suggest that the fooe fold plays un
important role in mediating combinatorial interactions of Aux/
IAA and ARF proteins to specifically repulate secondary gene
expression in response (0 auxin,
@ 1999 Federation of European Biochemical Societics.

Key words: Auxin; Aux/IAA protein: Boo domain;
Protein cross-linking; Sccondary structure analysis;
Arabidopsis thatiuna

1, Introduction

The plunt hormone auxin, typified by the naturally preva-
lent indole-3-acetic acid, is a key regulator of plant growth
and development [1,2]. Auxin transcriptionally activates a sc-
leet set of immediate-carly genes that are thought lo mediate
the various cflects of auxin in plants [3.4]. Three different
clusses of auxin-specific, carly response genes have been char-
acterized in various speeies and are known as the SAUR,
GH3, and Aux/TAA penes (review in [5]). Funetional promoter
analyses of members of cach auxin-specific gene cluss have
revealed conserved AUxREs (review in [6,7]). The use of
highly active, synthetic AuxREs hus led to the recent discov-
ery of ARF-1 and related transcription factors that bind to
AuxREs conserved in many carly auxin-inducible genes, in-
cluding members of the Aux/idA class [8-10].

With the exception of the Aux/IAA class, however, litlle is
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known abd it the proteins encoded by carly auxin genes and
about their functions in auxin action. As indicated by the
isolation of at lcast 20 T4/ genes in Adrabidopsis thalicia, large
multigene famitics encode Aux/IAA proteins in plants [11,12].
Biochemicul, molecular, and genetic studies suggest that Aux/
IAA polypeptides pluy a central role in auxin signaling and
plant development. AuxiidA genes encode short-lived nuclear
proteins that homo- and heterodimerize and that share four
istunds of umino aeid sequence conservation, designated con-
served domains 1-1V [11-13] (sce Fig. IA). Semidominant
missense mutations in two Aux/iAA genes of A, thelivna,
IAA3 and 1A4A 7, alter invariant amino acid residues in con-
served domain I and are responsible for the pleiotropic mor-
phological phenotype of s/mn2 and w3 plants, respectively
[14,15]. Intragenic suppressor mutilions have been identified
in ANRINIAALZ thal largely revert the axr3 phenotype to wild
type appearance [15], Intriguingly, the second-sile mutations
affeet conserved domuains 1, 111 and 1V of [AAL7, suggesting
that all four conserved domuins are important {or Aux/IAA
protein function.

A conspicuous structural feature of Aux/IAA proteins is
centered on conserved domuain 11, This region is predicted
to adopt an amphipathic Boe fold thut is significantly similar
to the Boo told of prokuryotic transcriptional repressors such
us Arc and Mect) [13]. The prokaryotic Boe lold mediates
both dimerization of Arc monomers and DNA recognition
of operator half-sitcs by Arc dimers [i6]. Bused on the pre-
dicted Poo malil, we have propesed that Aux/IAA proteins
are Lranscriptional regulators of sccondary gene expression in
response o nuxin [13]. Primary structure elements conserved
in Aux/IAA and ARF proteins further supporl this hypoth-
csis. Interestingly, the C-terminal regions of most ARF pro-
teins contnin Aux/EAA-like conserved domains 11 and IV,
which compose the C-lerminus of Aux/IAA proteins [9,10].
These C-terminal regions mediate both intra- and interfumily
protein-protein inleractions ol Aux/IAA and ARF family
members [9.12]. Thercfare, the predicted mmphipathic Poo
fokt of conserved domain 111 in Aux/IAA and ARF proleins
likely plays an important role in medinting such homo- and
heterotypic interactions. To date, there is no direct biochem-
ical evidence to indicate that the predicted Boor motif of do-
main 111 is a folded protein domuin and that this region me-
diates dimerization. To probe the sceondary structure of the
predicted Poc fold und 1o test its proposed invelvement in
protein-prolein interactions, we have expressed and purified
several recombinant peptides derived rom conserved domain
[Tl of Aux/TAA proteins. Here, we show by circular dichroism
analysis and by cross-linking studies that the predicted Poo
fold of Aux/IAA proteins is indeed u folded protein domain
and dimerizes in vitro. '
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2. --Mulcrinls and methods

"

200, Canstenetion of plsaiids

Partinl ¢DNA fragments encoding the predicted Boo domain of A,
thailicenet proteins TAAL (a 63-122). IAA2 (nu 63-122), und TAAZ (au
80-133) [11] were generated by PCR and subeloned into pQE plas-
mids (Qiagen) to produce recombinanl peplides with C-lerminal
{His); tags. The PCR products were ligaled with the Sphl/8g/l 5'-
acceptor Mragnient ol pQE-7, which provides the translational initiu-
tion ¢codon, and with the Bgll/Beit 3'-acceptor lragment of pQE-16,
which provides the (His), tag. All subcloned ¢cDNA frapments were
verified by DNA sequencing.

2.2, Expression and purification of ( His Je=tagped Boo peptides

The recombinant o peptides were expressed in Excherichia coli
MIS[pREP4] (Qiagen) wt 37°C for 4 h by induction with 1 mM iso-
propyl B-p-thiogaluctopyranoside. The bucterial pellets derived from
0.5 1 cultures were extracied at room temperature for 1 h by stivring in
125 ml buflfer A (6 M guanidinium hydrochloride. 100 mM
NuaaFIPOy/NaHaPOs. ) mM Tris-HCL, pH 8.0). The extracts were
¢leared by centrifugation ut 20000 g for 30 min, and the superni-
lants were applied to o column containing | mi bed volume ol Ni-
NTA agarose (Qiagen) equilibrated in bufter A, The columns were
subsequently washed with 10 m encht of buffer A wd builer B (8 M
uren, 100 mM NuaHPOW/NuHaP0Oy, 10 mM Tris-HCI, pld 8.0). A
final wash with buller C (bufler 13, pH 6.3) was conducted until the
absorbance ol the flow=through ut 280 nm was less than 0.01, Re-
combinant (His)g-tagged peptides were eluted with buller D (builer B,
pH 59) in | ml aliquots. Each laction was tested by S1DS-PAGE.
Appropriite Fractions were pooled, and the oo peptides were rena-
tured by dialyzing overnight apainst 10 mM KaHPOL/KHAPO,, pll
8.0. 100 mM KCI, 5 mM EDTA.

2.3, Protein detevmination

To determine accuradely the concentrations ol peptide stock solu-
tiotts, protein concentrations were determined by measuring tyrosiie
absorbunce in 6 M guanidinium hydrochloride, 20 mM K;HPOy/
KH,POy, pH 6.5 [17]. The lollowing extinction cocllicienis were
used: 7250 M~ em™' Tor Boo-1 and Poo-3, which contain five ty-
rosine residucs each; nnd 5800 M~! em™! for fioie-3. which contains
four tyrosine residues,

24, Protein cross-linking and SDS-PAGE

For protein cross-linking experiments, reactions were carricd oul al
25°C in a total volume of 50 p! containing 50 pgfml Ni-NTA purified
(His)s-tagped Boo peptides or ribonucleuse A, 10 mM NaaMPOy/
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NuHPO,, pH 8.0, 100 mM NaCl and 0.5 mM 3S? (Picree). Control
reactions received no BS?, Reactions were terminated after | min by
the addition of 50 ul 2x8DS siumple bufler and boiling for 5 min.
SDS-PAGE on 17% acrylamide gels and Coonmssic staining ol (he
gels were performed wcecording to [18].

2.5, Cirenlar dichraism speetraseopy

Cireular dichreism (CD) spectroscopy was performed using o Jasco
J-720 spectropolurimeter. Fur-UV CD speetra of renatured, Ni-NTA
purilied (His)g-lagged Poo peplides were recorded wt 20°C {romn 300
nm to 190 nm in 10 mM K HPOY/KHPO,. pH 8.0, 100 mM KCl at
a1 peplide concentration of S0 pp/ml, The observed CD signals were
conver(ed 1o the normalized molar ellipticity [19], and the CD spectra
were anulyzed by the method of Greenfield and Fusmin [20].

3. Results

34 Expression and purification of recombinant domain 11
polypeptides

To probe by biochemical meuns the predicted fowx fold of
Aux/IAA proteins, we expressed in £ coli three recombinant
polypeplides, hereafter termed Poo-l, Boe-2. and Poo-3,
which correspond o conserved domain 11 ol A, thelicna pro-
teins 1AAL, TAAZ, and [TAA3, respectively (see Fig, 1B), All
o peptides were expressed as C-terminal (His)e-lagged fu-
sion proteins to lacilitate their purification from bacterial ex-
tracts. Analysis of the solubility of the bacterially expressed
Poo peptides indicated that they form inclusion badies in £
coli under various expression conditions tested. Insolubility ol
the recombinant Boe peptides precluded their purification
under native conditions and necessilated the use of denuturing
agents for purification by ailinity chromatograply. As shown
in Fig, 2, stufliciently purc preparations ol recombinant, dena-
tured foe-1, Boe-2, and Poee-3 peptides were obtained, with
yicelds of 5-15 mg/l of culture. The apparent molecular mass
abserved tor foe-1 and Poo-2 closely matches the caleulated
valie of 8.0 kDa and 7.5 kDa, respectively, whereas the ap-
parent molecular mass of the Poc-3 peptide is slightly higher
{7.6 kDu) than its cxpected value of 7.2 kDa (Fig. 2, compare
lancs 4, 6, and 8). Minor protein bands of an appurent mo-
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Fig. 1. A: Domain structure of Aux/IAA proteins. Conserved domains I-1V and the invariant basic doublet. KR, are indicated by filled boxes.
Functionally identified nuclear localization signals (NLS) [23] and the predicted Bowt fold [13] are underlined. A wiangle denotes single point
mutitions in fA4A3 and JAAI7, which are responsible for the w2 [14] and axi3 [15] phenotype, respectively. B: Primary structure of the re-
combinant (His)s-lagged peplides derived from conserved domain 111, Amino acid residucs encoded by the expression vector are given in paren-
theses, Predicted secondary structueal elements are indicated below the alignment. Conserved hydrophobic residues characteristic of the pre-
dicted umphipathic Powt fold are in bold and italics. Dots above the alignment denote invarinnt hydrophobic amine acids at conserved
positions, which wre predicted to form the hydrophobie surliace of wmphipathic helix-2.
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Fig. 2. Expression and purilication of (His)-tagged recombinunt do-
main 111 peptides of Aus/IAA proteins. Prepuration of the bacterinl
extracts, purilication of the (His)e-tugged Pow peptides by Ni-NTA
allinity chromatography under denaturing conditions, and electro-
phoretic separation ol the fractions by SDS-PAGE were performed
us deseribed in Scetion 2. Purified protein samples were loaded be-
fore the renaturation step and contained 8 M uren. Lane identities:
low molecular weight markers (lane 1); totul prolein extrict Irom
host strain. MIS[pREP4], contitining flo expression plasmid {lane
2): total protein extruet from induced cells expressing o1 (lane
3, Pro-2 (lane 5), or Bow-Y (lane 7); and Ni-NTA purified re-
combinmt proteins Boo-1 (lane 4), Bouo-2 (line 6). or Boe-3 (lune
3.

lecular mass of about 15 kDa were observed for denstured (8
M urea) foo-2 and foo-3 preparations and correspond 1o the
respeclive dimeric forms of both peptides (see Fig. 2, lane 6
und lane 8). The aflinity-purified, denatured recombinant foo
peplide preparations were dialyzed against 10 mM potassium
phosphate, pH 8, containing 5 mM EDTA and 100 mM KCl,
o allow lor renaturation ol the Boo peptides. The renatured
Breot peptides are soluble at a concentration of up to 2 mg/ml,
and were used Tor the experiments deseribed below,

3.2, Sccondary stricture analysis by far-UTV CD spectroscopy

The structural properties of renitured, (His)-tagged foo
peptides were cvaluated spectroscopically. Fur-UV CD spee-
tra for recombinunt peptides fow-1, Bow-2, and Bow-3 were
recorded in 10 mM potassium phosphate, pH 8.0, containing
100 mM KCI, at a protein concenlration of 50 pg/ml {about
6 tM). As shown in Fig, 3, the CD spectra of all recombinant
Bowoe peptices revealed features characteristic for g-helical see-
ondary structure. The distinctive double minima of large neg-
ative ellipticity at 208 nm and 222 nm, and the general shape
al the curves, indicates that all Poa peptides tested are lolded
and have substantial regions of o-helical content [20). We
estimated the a-helicul content according to Greenfield and
Fusmun [20], which ranges from approximately 35% for Boo-
2 10 48% for Poo-1, There is no evidence lor the presence of
B-sheet in cither peptide. Noxt, we examined the ability of the
recombinant Po peplides to fold reversibly alter thermal
denaturation at 80°C, Upen cooling (o room temperature,
all Poor peptides Tully renature, which is indieated by the
production of CD spectra identicul to the ones obtained be-
fore heat denaturation (data not shown). Thus, aithough in-
soluble in E. euli and purified under denaluring condilions,
reversible lolding of the oo peptides suggests that the ob-
served secondary structure is the authentic fold of expresscd
recaombinant domain I peptides.

3.3, Chemical cross-linking studies
To test our prediction that recombinant Poer peptides di-
merize in vitro, we carried out a protein cross-linking analysis
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with the non-cleavable chemical cross linker BS*. For the
cross-linking experiment, we used conditions that were iden-
tical to the spectroscopic CD analysis, that is, renatured, re-
combinunt fee peptides were studied at a concentration of 50
pug/ml in 10 mM sodium phosphate, pH 8.0, containing 100
mM NaCl. Ribonuclease A, which is a monomeric protein of
13 kD, was chosen as a negative control for chemical cross-
linking. The cilect of BS? on Pot-1, foe-2, Paa-3, and ribo-
nucleuse A is shown in Fig. 4. When BS® is present in the
incubation, multiple cross-linked protein bands appear for
Boe-1, which is not observed for the control reuction of
poc-1 without BS* (compare lane 2 with tune 3). The most
prominent cross-linked protein species for Soo-1 corresponds
1o its dimeric form (approximately 16 kDa), whereas minor
protecin bands are consistent with multimers of higher order
composition (sce lane 3). Interestingly, SDS-PAGE of control
reactions for renatured Pree-2 ind foo-3 without BS* already
revedled the presence of multimers, moestly dimers, that arc
stable under SDS-PAGE conditions (Fig. 4, see lune 4 and
lane 6). It should be noted that this phenomenon wus consis-
lently observed for foo-2 and Boo-3 peplides alter renatura-
tion of the allinity-purified, denatured peplide preparuations,
As mentioned above, SDS-PAGE of denatured (8 M uren)
PBoee-2 and Poo-3 peplides indicated Tormation of stable
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Fig. 3. Far-UY circular dichroism speetra of Ni-NTA purified, rena-

tured (His)g-tagged Boer peptides. The CD spectra were obtained
for fowe-1 {A), Poe-2 (B), und Pon-3 (C} as described in Section 2,
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Fig. 4. Chemienl protein cross-linking of recombinunt Boo peptides
and ribonuclense A, Ni-NTA purified, renatured, (His)-tapped feuoe-
I (Inges 2 and 3} (His)e-tageed Boo-2 (lanes 4 and 5), (His)g-lagged
PBow-3 (lanes 6 and 7). wnd ribonuclease A (lanes 8 and 9) were in-
cubated in the absence (lanes 2, 4, 6 and 8) or presence (lanes 3. 5,
7 und 9) of BS* as deseribed in Seetion 2. Afler termination of the
reactions, Lhe proteins were separnled on o SDS-PAGE gel. and
stained with Coomuassie blue, Low moleculur weight markers were
run in lane 1.

dimers (compare lanes 6 and § in Fig. 2 with lanes 4 and 6 in
Fig. 4 Tor Boo-2 and Puo-3. respectively). Cross-linking reie-
tions with BS? significantly increased the amount of oligomer-
fe forms ol fae-2 and foo-3, in particular those correspond-
ing to the respective tetramers (Fig. 4. compure lane 4 with 5,
and lane 6 with 7). As expected for the negative cross-linking
control, ribonuclease A does not form any oligomeric struc-
tures in the presence of BS3, which indicales 1he specilicity of
the cross-linking reaction for the Poo peptides (Fig. 4, com-
pare lane 8 with 9).

Recombinant peptides fowa-]1 and Boe-2 differ delectubly in
size (see Fig. 2, lunes 4 and 6). Therefore, we attempied to test
by cross-linking analysis if' both foo: peptides interact in vitro.
Equal amounts of Boa-1 and Bowr-2 were mixed (6 pM cach)
and preincubated belore the addition of BS*. Separation of
the reaction mixture by SDS-PAGE revealed the appearance
ol three protein bands in the 15 kDa region (Fig. 5, lanc 2).
The upper and the lower band of the triplet correspond 1o the
homodimer of Poe-1 and fow-2, respectively, whereas Lhe
udditional, central bund is interpreled to represent the cross-
linked fow-1/Poo-2 heterodimer (Fig. 5, compare lane 2 with
lanes 4 und 6).

4, Discussion

Emerging genetie and molecular evidence supports the ly-
pothesis thut Aux/IAA proteins play # central role in auxin
signaling as transcriptional regulators of middle und late gene
expression [9-15,21,22). However, our knowledge about the
structure and the biochemical functions of Aux/IAA protcins
and their conserved domains is still in its infancy. Previous
studies focusing on Aux/IAA protein function have revealed
that Aux/iAA genes encode short-lived nuclear proteins f13].
Functional nuclear localization signals have been identified in
some Aux/[AA proteins and are parl of conserved domain 11
and domain IV [23]. Domain | is the core of 4 N-terminal,
leucine-rich region and is proposed to function in protein-
protein interactions [11]. Domain 11l contains a predicted
foot- motif that is similar to the B-ribbon DNA recognition
motil' of prokaryotic repressor proteing of the Arc [amily
[11,13]. Based on structural similaritics of both motils, we
have previously proposed that the predicted plant Poo fold
be involved in dimerization of Aux/IAA proteins [13]). Re-
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cently, il has been demonstrated that Aux/IAA proleins
homeo- and heterodimerize in vitro and in vivo [12]. Moreover,
Aux/IAA proteins interact with members ol the ARF protein
Family of transeription factors that contain C-terminal, Aux/
IAA-like domains 111 and 1V [9,12]. Using a yeust two-hybrid
system, deletion unalysis ol the PS-IAA4 protein rom pea
revenled that the C-terminus of PS-IAA4. containing domauins
1 and IV, is necessary and sullicient for dimerization [12].
However, due to the instability of some of the tested PS-IAA4
deletion proteins in yeast, the in vivo data were inconclusive
with respect to the role of the predicted Poow lfald of domain
HI in protein dimerization [12].

In this report. we describe a biochemical analysis of the
predicted Poo fold of Aux/IAA proteins, We have used CD
spectrascopy o probe ils sccondary structure contend, and
chenical cross-linking experiments o test its ability to dimer-
ize in vitro. To allow Tor a comparative analysis, we have
expressed and purified (His)e-tagged peptides corresponding
to domuin I of three Arabldopsis proteins, IAAL, 1AA2,
and IAA3. As previously predicted by several secondary strue-
ture algorithms and by helical wheel analysis. the region cen-
tered on domain I is likely to adopl un amphipathic Poo
lold, In particular, the five invariant hydrophobic amino acid
residues ul conserved positions in domuin 111 are consistently
predicted with high probability to fold into the amphipathie,
sccond helix ol the Boo molif [13]. The CD speetra obiuined
for the recombinant Boo: peptides tested indicate significant o-
helica! structure content of domain HI (Fig.. 3). Reversibility
of protein Tokling after thermal denaturation implies that do-
main [T o Aux/IAA polypeplides folds autonomously uan
represents a stable protein fokl, Furthermore, chemical cross-
linking analysis demonstrates that the fogt peptides lorm ho-
modimers und heterodimers in vitro (Figs. 5 and 6). These
results are in agreement with our proposition that domain
111 o Aux/IAA proleins is structuridly and functionally re-
lated to the Box fold of” Arc-like, prokaryotic trunscriptional
repressors, However, lwo observations suggest unique proper-
tics of the Aux/IAA Boo domain, First, unlike Arc-like poly-
peptides, oligomers of the ffow domain of” Aux/IAA proleins
ure unusually stable. In the absence ol chemical cross-linker,
homodimers ol renatured Poet peptides are consistently de-
lected by SDS-PAGE, which demonstrates (ormation of
dimers that are sufliciently stable to withstand the denaturing

kDa 1 2

3 4 5 6

Fig. 5. Chemical ecross-linking of Poo-1/poa-2 complexes. Equal
amounts of Ni-NTA puritied, renatured, {His)g-tugged Poo-1 and
(His}s-tugged Poe-2 (2.5 pg each) were mised (see Section 2) and
preincubuted at room temperiature lor 10 min prior to the control
(lane 1) and eross-linking incubation (lane 2). Controls and cross-
linking reactions for the individual peptides, (His}e-tagged Boc-|
(lanes 3 and 4) und (His)e-tngged foe-2 (lanes 5 and 6) were pei-
formed as described in Fig. 4. Aller termination of the reactions,
the proteins were separated on a SDS-PAGE gel, and stained with
Coomassic blue.
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conditions of §DS-PAGE (Fig. 4). Sccond, the recombinant
Boo peptides tend 10 aggregate in solution at a protein con-
centration higher than 20 uM (dats not shown), Conversely.
the dimeric Are and tetrmmeric Mot proteins do not forn
soluble aggregates at concentritions ranging from 2 to 200
(M [24]. L may be argued that the addition of the C-terminal
(His)y 1ax is responsible for the association behavior of the
expressed Poe peptides. However, C-terminally (His)s-tapged
recombinant Arc repressor protein, which is of similar size (64
amine acids) and predicted secondary structure as the (His),-
tagged Poo. peptides, has virtually identical association prop-
erties and CD spectin as wild type Are protein [25] Thus, it is
unlikely that the C-terminal (His), tag significantly allecis the
biochemical propertics af the Joo peptides charncterized in
our study.

It is evident from the crystal structures of Arc und Mectl
that the amphipathic helix-2 of the prokaryotic oo fold me-
diates dimerization [16]. Accordingly, helix-2 of the Aux/IAA
foo domain is likely to mediate olizomerization of” the oo
fold. Furthermore, the striking amphipathie nature ol helix-2
of Aux/IAA proteins (Fig, 1B), which is less prominent for
helix-2 of Ave-like proteins (see {13]), likely fucilitates forma-
tion of stable oligomers of Poor peplides in solution, An im-
portant role of lelix-2 in Aux/IAA prolcin dimerization is
also suggested by the truncated Poo. domain found in
1AA23, Although domain 111 of IAA2S lacks the predicted
B-sheet motif’ and a substantial region ol helix-1, TAA2S still
interacts with IAA1 in vivo, presumably via the remaining
helix-2 [12], This observation and our experimenta! data sug-
gest that damin 111 plays o eritical role in homo- and heter-
odimerizations of Aus/IAA and ARF proleins, which wre
praposed 1o govern dillerentinl expression paticrns of seeomd-
ary genes in response to auxin, Biochemical and biophysical
studies of mutant variants that contain single amino acid sub-
stitutions in domain 1 will allow for evaluating the contri-
bution of individual residues 10 protein-protein interactions
and to the function of the Poo domain in Aus/IAA and
ARF proteins.
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